Introduction
Methanol conversion to light olefins and gasoline over various zeolite catalysts was extensively studied since the innovation of high siliceous zeolite of ZSM-5 by the Mobil Oil Co. As shown in the following reaction path of methanol to hydrocarbons, methanol first converts to dimethyl ether (DME), maintaining equilibrium with DME, and then yields light and higher olefins, followed by conversion to paraffins and aromatic hydrocarbons1)-4).
Reaction path of methanol conversion to hydrocarbons Therefore, it is essential for the catalysts synthesizing light olefins such as ethylene and propylene as the main products to suppress reaction steps (III) and (IV) . From this standpoint, various approaches were made in an effort to enhance the yields of light olefins. The approaches include lowering the methanol conversion by decreasing contact time, and/or reaction temperature, and/or methanol partial pressure5); modifying ZSM-5 with phosphorus and magnesium6)-8); chemical vapor depositing of silicon methoxide9); using smaller pore zeolites such as erionite, chabasite or ZSM-3410); increasing the reaction temperature and the SiO2/Al2O3 ratio of the zeolite11),12); adding basic compounds to the methanol feed13,14); and using borosilicates15) or ferrosilicates16). We also made great efforts to develop selective zeolite catalysts for the synthesis of light olefins from methanol.
Considering Table 1 , the amount of alkaline earth metals occluded in M-HZSM-5 was more than that of the alkaline earth metals introduced by the conventional ion-exchange method. Presumably, the incorporation of excess alkaline earth metals into the zeolite is achieved by the presence of occluded silicate ions or trapped OH-groups which are responsible for the cation exchange in excess of that equivalent to the aluminium content19)-21).
2.1
Light Olefin Yield and Catalyst Life The yield of (C2H4+C3H6) over M-HZSM-5 and against the Al/Si ratio in Figs. 1(A) and (B)22)-24). Life time is defined as the time during which methanol conversion is 100% with no residual dimethyl ether.
In the case of HZSM-5 zeolites with SiO2/Al2O3 ratios between 70 and 1,100 and the C3H6) yield and the catalyst life were apparently zero because of deactivation by coking.
In the case of M-HZSM-5, high (C2H4+C3H6) yields of more than 50% were obtained for Ca-HZSM-5 with SiO2/Al2O3 ratios between 100 and 800, and Sr-HZSM-5 with SiO2/Al2O3 ratios between 80 and 300. The longest catalyst life was obtained for Ca-HZSM-5 and Sr-HZSM-5 with the SiO2/Al2O3 ratio of 200. The amount of coke deposit on the Figure 2 (A) shows the correlations between the Ca/Al2 ratio of Ca-HZSM-5 and the yield of (C2H4+C3H6), (C1-C5), and BTX at the initial stage of the methanol conversion25). In the region of Ca/Al2 ratio below 2, the (C2H4+ C3H6) yield increased markedly with Ca/Al2 ratio, while (C1-C5) and BTX yields decreased. The less coke deposition over M-HZSM-5 seems to be attributable to the depression of the formation of BTX, i.e., the precursors of coking, by modification with the alkaline earth metals. Figure 2(B) illustrates the relationship between Ca/Al2 ratio and catalyst life25). The catalyst life is extended much longer in the region of Ca/Al2 ratio over 3, even though the product distribution maintains constant in the region of Ca/Al2 ratio over 2, suggesting that the acidic properties of zeolites hardly changed in this region. These results demonstrate that further incorporation of the alkaline earth metals into the zeolite tends to extend the catalyst life. The spectrum of HZSM-5 was characterized by two well-defined peaks at 3,605 and 3,730-3,740cm-1. The low-frequency hydroxyl has been assigned to the acidic bridged OH of Si(OH)Al, while the high-frequency hydroxyl to the terminal SiOH or extraframework silica gel. The broad peak at near 3,500cm-1 is attributable to hydrogen bonding between adjacent hydroxyl groups. Except for Mg-HZSM-5, intensities of all of these peaks for M-HZSM-5 were very weak as compared with those for HZSM-5. New peaks were observed at 3,674 and 3,658cm-1 for Mg-HZSM-5 and Ca-HZSM-5, respectively. A peak at 3,676cm-1 was observed for Mg-silicalite, while a peak at 3,685cm-1 for the other silicalites containing Ca, Sr, and Ba23),25). The intensity of the peak at 3,658cm-1 in the spectra of Ca-HZSM-5 increased with a decrease in the SiO2/Al2O3 ratio and an increase in the Ca/Al ratio. The results indicate that both aluminium and calcium have contributed to the peak at 3,658 cm-1.
In order to get a better understanding of the acidic properties of the hydroxyl groups giving a new peak at 3,658cm-1, the FT-IR spectra of Ca-HZSM-5 were measured after Na+ ion-exchange and pyridine adsorption. Figure 4 shows the FT-IR spectra of hydroxyl groups of HZSM-5, Ca-HZSM-5, and Ca-silicalite before and after Na+ ion-exchange and pyridine adsorption23),27). As shown in Fig. 4 , the peak at 3,605cm-1 disappeared after these treatments, while the peak observed for Ca-HZSM-5 at 3,658cm-1 did not change at all after the Na+ ion-exchange but disappeared after the pyridine adsorption.
The facts suggest that the acid strength of the new OH group generated by the interaction between Si(OH)Al and Ca is weaker than that of unmodified Si(OH)Al. The spectra of adsorbed pyridine taken after the disappearance of the hydroxyl band, the characteristic peaks of pyridinium ion (adsorbed on Al (Lewis acid site) appeared at 1,546 and 1,457 cm-1, respectively.
The peak intensity at 1,546
in Ca-, Sr-, and Ba-HZSM-5.
The strong peak at activated catalyst was burned off in a flow of air, and the second run was performed on the regenerated catalyst in order to compare the catalyst stability. Figure 6 shows the relationships between (C2H4+C3H6) selectivity and methanol conversion to hydrocarbons [E.G. (%)=100-(MeOH+ DME) Yield] in a range of temperature 400-the second run, respectively. In order to clarify the reason for the increase in the catalytic activity in the second run, Ca-HZSM-5 before and after the reaction was characterized by FT-IR. K+ ionexchange and XPS.
In the FT-IR spectrum of Ca-HZSM-5 after the reaction (Fig. 7) 28), a remarkable increase in the intensity of 3,605cm-1 peak assigned to the strong acid sites was observed and the peak disappeared after K+ ion-exchange. On the other hand, the intensity of the peak at 3,658cm-1 decreased after the reaction.
The results of the K+ ion-exchange of Ca-HZSM-5 before and after the reaction are shown in Table 228 ). After K+ ion-exchange, the K/Al ratio in Ca-HZSM-5 was 0.47 after the reaction, while that in the fresh Ca-HZSM-5 was only 0.05. The XPS data showed an increase in the Ca/Si ratio at the external surface of zeolite after the reaction.
As the catalytic activity and K/Al and Ca/Si ratios were not increased by heat but by steam treatment, the above results indicate that the alkaline earth metals interact with the steam produced during the methanol conversion and migrate from the weak acid sites to the outer surfaces of zeolite crystals, resulting in the regeneration of the strong acid sites. That tend to promote the formation of carbonaceous deposits, which are responsible for deactivation of zeolites.
Therefore, the release of alkaline earth metals from the weak acid sites is undesirable.
As it is also well known that CO2 is produced in the methanol conversion and that alkaline earth metal oxides are transformed into the carbonates in the presence of CO2, it is predicted that the catalytic activity of M-HZSM-5 would be influenced by addition of CO2 in the feed. Figure 8 shows the results of methanol conversion over HZSM-5, Ca-HZSM-5, and Sr-HZSM-5 using N2 or CO2 as the carrier gas29). The (C2H4+C3H6) selectivity on M-HZSM-5 with CO2 carrier gas was lower than that with N2, especially on Sr-HZSM-5.
In the case of HZSM-5, the activity and the selectivity with CO2 were the same as those with N2. Table 3 shows the initial product distribution with N2 and CO2 carrier gases29). For Sr-HZSM-5, the selectivity to BTX increased markedly by changing the carrier gas from N2 to CO2. As is reported22), the aromatics formed by cyclization and dehydrogenation or by hydrogen-transfer reactions of C6+ olefins are the intermediates in the formation of carbonaceous species.
Both Ca-HZSM-5 and Sr-HZSM-5 formed large amounts of carbonaceous deposits in the presence of CO2, while there was no difference in the amount of carbonaceous deposits between the results obtained with N2 and CO2 carrier gases over HZSM-5.
These results imply that the release of alkaline earth metals from the weak acid sites is promoted by the presence of CO2 which brings about the regeneration of the strong acid sites.
Deactivation caused by steam dealumination of M-HZSM-5 (200) was investigated. Figure 9 shows the relationship between the time of steaming and the intensity ratio (the value observed for the steamed to that for unsteamed zeolite) of the 53ppm peaks in the 27Al-MAS-NMR spectra. The intensity ratio corresponds to the fraction of Al remaining in the zeolite framework (tetrahedrally coordinated Al) after steaming30). A rapid decay curve was obtained for HZSM-5, (BaCO3/HZSM-5=1/2, weight ratio) before and the calcination does not affect the intensity of 3,605cm-1 peak assigned to the acidic OH of Si(OH)Al.
For the mechanical mixture of BaCO3/ HZSM-5, however, the intensity of the corresponding peak was decreased to some extent by the calcination. Table 4 shows the chemical compositions of both BaCO3/HZSM-5 and BaCO3/ silicalite after calcining or steaming31). The BaCO3/zeolites after calcining or steaming were treated with a HCl solution in order to remove free BaCO3 from the mixture.
The Ba/Si and Ba/Al2 ratios of BaCO3/HZSM-5 increased both by calcination and steam treatment.
On the other hand, the Ba/Si ratios of BaCO3/silicalite were zero. This indicates that the migration of barium into zeolite channels from the outer surfaces of zeolite crystals occurs by calcining or by steaming and that barium is occluded in the zeolite, presumably, through the interaction with the strong acid sites, since such sites are present on HZSM-5 but not on silicalite.
From the above results, it is expected that regeneration of the strong acid sites due to the release of the alkaline earth metal from the weak acid sites in M-HZSM-5 is apparently depressed when M-HZSM-5 is mixed with an alkaline earth metal salt, resulting in the stabilization of the weak acid sites. We modified M-HZSM-5 with various alkaline earth metal salts using a well known impregnation method and carried out long-term life tests in the methanol conversion32). It was found that BTX selectivity decreases to less than one fifth of that of the parent zeolite, and also that the catalytic life is improved by about four times that of the parent zeolite while (C2H4+C3H6) selectivity remained unchanged by such modification. A mechanical mixing technique for modification instead of the impregnation technique gave almost the same effects. Table 5 shows the results of methanol conversion over Ca-HZSM-5 (200) modified with various alkaline earth metal carbonates33). The catalyst life of Ca-HZSM-5 was 22h, and it barely changed by mixing with MgO or silicalite.
On the other hand, treatment by mixing with carbonates of Ca, Sr, and Ba remarkably improved the catalyst life, up to 75-150h, demonstrating that alkaline earth metal salts exhibit a striking effect on the catalyst life for methanol conversion. Figure 11 shows the results of the long-term catalyst life test with SrCO3/Sr-HZSM-5 (100) (SrCO3/Sr-HZSM-5=1/2, weight ratio). The catalyst life with (C2H4+C3H6) yield of more than 50% attained 2,000h only by repeating regeneration operation three times. Table 6 illustrates the characteristics of SrCO3/Sr-HZSM-5 after the life test. About 50% of aluminium existed in the zeolite framework even after the 2,000h catalyst life test.
In order to clarify the working state of alkaline earth metal carbonates, the catalyst stability of CaCO3/Ca-HZSM-5, CaO/Ca-HZSM-5, Ca-HZSM-5, and HZSM-5 in a long-term methanol conversion test was compared with the changes in the conversion to hydrocarbons and (C2H4+C3H6) selectivity as shown in Fig. 1232 ). In the case of CaCO3/Ca-HZSM- 5 and CaO/Ca-HZSM-5, with N2 as a carrier gas, about 100% conversion was maintained even after 160h, and it was observed that the selectivity decayed very slowly.
On the other hand, both conversion and selectivity decayed rapidly for CaCO3/Ca-HZSM-5 by using CO2 as a carrier gas. The decay curve was the same as that of Ca-HZSM-5 with CO2 or N2 carrier gas. As it is well known that CaCO3 is pyrolyzed to GaO with evolution of CO2 and that the pyrolysis is inhibited in the presence of CO2, it is clearly understandable that basic compounds such as CaO and Ca(OH)2 formed by the reaction of GaO with the water produced poison the acidic sites on the external surfaces of zeolite crystals and stabilize the weak acid sites formed by the interaction between Si(OH)Al and Ca.
3.2
Control of Crystal Size of M-HZSM-5 At high temperatures, the diffusion rate of molecules in the zeolite channel is very slow compared with the reaction rate. This indicates that only part of zeolite crystals in the vicinity of the pore entrance is effective for the reaction, that is to say, the reaction hardly takes place in the inner part of zeolite crystals.
Therefore, the selectivity to light olefins is not affected appreciably by the crystallinity of zeolite, and the zeolite with high external surface areas (small crystal size) is desirable to realize a long-period sufficient catalytic activity. We attempted to control the crystal size of M-HZSM-5.
We found that zeolite crystal size became smaller by adding an adequate amount of boric acid, and the crystal size of Ca-HZSM-5(Ca/ initial product distribution with the microcrystalline Ca-HZSM-5 synthesized in thee presence of boric acid was similar to that with Ca-HZSM-5 synthesized in its absence, indicating that the acidic properties of the zeolite hardly changed by the synthesis with boric acid. Figure 13 shows the relationship between average crystal diameter of zeolite (D) and catalyst life time with (C2H4+ C3H6) yields of more than 50%. The catalyst life time of the micro-crystalline Ca-HZSM-5 prepared in boric acid (the average crystal diameter of which was 3 times that of the zeolite prepared without the acid35). A long-term catalyst life test of the micro-crystalline Ca-HZSM-5 modified with SrCO3 (SrCO3/Ca-HZSM-5=1/2, weight ratio) was carried out using dimethyl ether instead of methanol (Fig. 14)36) . The catalyst life with (C2H4+C3H6) yields higher than 60% was about 2,600h. are almost constant regardless of the H2O/SiO2 ratios and that the aluminium concentration of the outer surface of the zeolite crystals becomes lower with a decrease in the H2O/SiO2 ratio (Fig. 15) , the effect of the outer surface aluminium concentration on catalyst life should be also considered.
We then tried to improve the catalyst performance of the micro-crystalline HZSM-5 by modifying with calcium phosphate (CP)39),40). The CPmodified HZSM-5 zeolite was prepared by cothe product was then hydrothermally treated in HPO42-solution.
In Fig. 16 , the results of cata-TCP for the treated catalyst, but slightly more for the untreated. The (C2H4+C3H6) selectivity tends to become slightly higher with an increase in the lyst life attained was about 3,000h.
As described above, the observed rapid deactivation of HZSM-5 is attributed to coke deposition, in
Reaction conditions: GHSV=1,100h-1, DME/Ar=1/2. a) R is composed of CH4, C2-C5 paraffins, BTX, CO, CO2, and C6+. We speculated that by grindof HPO42-supplied from the nonstiochiometric hydroxyapatite should be considered. Modification of HZSM-5 by other phosphorous compounds has already been reported in the literature6),7).
We also studied the direct synthesis of light olefins from synthesis gas over a composite catalyst consisting of a methanol synthesis catalyst (Zn-Cr oxides) and a zeolite catalyst41)-46). The combination of Zn-Cr oxides and HZSM-5 resulted in the selective formation of paraffins in the conversion of synthesis gas to hydrocarbons.
In contrast, a higher (C2H4+C3H6) selectivity of more than 50% was achieved by using M-HZSM-5 modified with alkaline earth carbonates, whose hydrogenation ability was considerably lower than that of HZSM-5.
When SrCO3/Ca-HZSM-5 was used as the zeolite component, a high (C2H4+C3H6) selectivity of above 60% was obtained.
Conclusion
It was found that HZSM-5 type zeolites containing alkaline earth metals showed a high selecwhere ethylene and propylene were produced in yields greater than 50%. 
